The dielectric function ͑͒ of polycrystalline bulk samples of the quaternary chalcopyrite semiconductors Ag 1−x Cu x InSe 2 with x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 has been determined by spectroscopic ellipsometry in the energy range from 0.5 to 4.7 eV at room temperature. Accurate values of refractive indices n and extinction coefficients k representative of bulk materials are obtained from the data. The value of the main energy gap is very sensitive to the composition and varies from 1.225 to 1.009 eV as x increases ͑Cu content͒. The structures observed in ͑͒ have been analyzed by fitting the numerically differentiated experimental spectrum ͑second derivative͒ to analytical line shapes. As a result, the energies corresponding to different electronic transitions have been determined as a function of the composition, and they have been identified within the electronic band structure of chalcopyrites.
I. INTRODUCTION
For photovoltaic energy generation the choice of the absorber material is the key factor that ultimately determines the final efficiency that can be reached by a solar cell. In particular the accurate knowledge of the optical properties of the system is essential for the appropriate design of a high efficiency photovoltaic system. Polycrystalline thin-film solar cells based on CuInSe 2 and the related quaternary alloys show remarkable physical qualities, including, among others, a high absorption coefficient and the possibility of p or n doping. Specifically laboratory solar cells with efficiencies as high as 19% have been demonstrated ͑Zn0 / CdS / CuInGaSe 2 ͒. [1] [2] [3] Quaternary alloys show the advantage of a large degree of variation of their properties as a function of the composition, which enables the tailoring of the material properties.
In this work we will focus on the quaternary system Ag 1−x Cu x InSe 2 . This system is located between the ternary semiconducting chalcopyrite compounds CuInSe 2 ͑CIS͒ [3] [4] [5] [6] [7] [8] and AgInSe 2 ͑AIS͒. [9] [10] [11] Both compounds have a high optical absorption coefficient, which is an important factor for the manufacture of devices, direct energy gap with values E g Ϸ 1.00 and 1.22 eV respectively, and belong to the space group I42d. The CIS can be obtained with p-or n-type conductivity, whereas the AIS is obtained mainly with n-type conductivity.
Reports on Ag 1−x Cu x InSe 2 12-19 and similar systems as AgInS x Se 1−x 18-20 Cu 1−x Ag x GaSe 2 , 20, 21 and Ag x Cu 1−x GaS 2 22,23 have been mainly dedicated to the analysis of the structural parameters as a function of the composition, and a few have been focused on the electrical and optical properties. In the latter case previous studies provided the values of the band gap energies for some alloys using optical absorption deduced from reflection and transmission measurements in thin film configuration. 12, 13, 23 Nevertheless the optical properties of Ag 1−x Cu x InSe 2 by spectroscopic ellipsometry have not been studied.
In this work the complex dielectric function ͑͒ of polycrystalline bulk Ag 1−x Cu x InSe 2 with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 has been determined by variable angle spectroscopic ellipsometry measurements 24 in the range of energies from 0.5 to 4.7 eV, at room temperature. As a result the structures observed in the dielectric function have been analyzed and related to the electronic band structures of these polycrystalline chalcopyrites. Finally the variation of the electronic transitions as a function of the composition has been analyzed.
II. SAMPLE PREPARATION
The ingots of the semiconducting system Ag 1−x Cu x InSe 2 with x = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0, have been synthesized in vacuum ͑1 ϫ 10 −6 Torr͒ in quartz capsules, by direct fusion of the constituent elements ͑Ag, Cu, In͒ previously mixed in the desired stoichiometric proportion. The composition analysis was performed by means of three different techniques: sweeping electronic microscopy ͑SEM-EDAX͒, inductive coupling plasma mass spectrometry, and x-ray fluorescence. The composition average is in good agreement with the nominal composition of the initial mixture.
a͒ Author to whom correspondence should be addressed; electronic mail: gregorio.albornoz@uam.es Conductivity type of the samples has been determined by means of the Seebeck effect thermal test. The ingots 25 with x ഛ 0.4 have n-type conductivity, whereas the ingots with x ജ 0.6 have p-type conductivity.
The structural analysis was performed by x-ray measurements. The ingots were polycrystalline single phase, with chalcopyrite structure in all the studied ranges of composition. Detailed studies of structure, composition, differential thermal analysis, and electrical properties of the samples used in the present work will be the object of a separate publication. 25 The samples were cut with plane-parallel faces, of area 0.5-0.8 cm 2 , and thickness 0.4-0.8 mm. The samples were polished with alumina powder using three sizes of grain 1.0, 0.5, and 0.3 m in decreasing sequential order. Surface organic impurities were eliminated just before collecting the data using sequence solvents ͑tricloroetilen, acetone, and ethanol͒ in an ultrasonic bath, and finally the samples were blown dry with nitrogen.
Ellipsometry studies have demonstrated that the treatment of bulk semiconducting samples with mechanicalchemical polishing in an alkaline solution efficiently eliminates oxide layers on the surface, allowing enough time for measurements to be performed before the layer forms again. [26] [27] [28] [29] [30] This procedure replaces the corrections that are made with numerical models to eliminate the effects due to the oxide overlayers. 30, 31 Therefore for our experiments, immediately before performing the ellipsometry measurements the samples were chemically polished with a colloidal suspension ͑Buehler Mastermet͒, [26] [27] [28] [29] [30] rinsed in ethanol ͑5 min͒, and blown dry with nitrogen.
III. OPTICAL MEASUREMENTS AND ANALYSIS METHODOLOGY
The optical measurements were performed with a commercial ellipsometer ͑variable-angle spectroscopic ellipsometer J. A. Woollam͒ 24 with a rotating polarizer, and an autoretarder that allows us to measure ellipsometric angle between 0°and 360°, and thus to obtain accurate measurements in the spectral regions of small absorption. The ellipsometric spectra were measured at angles of incidence of 55°a nd 65°to ensure a consistent and accurate determination of the dielectric constant of the material. In order to assure an optimal signal, each sample was carefully aligned before performing each measurement.
In the present work the effects of a surface oxide layer have been diminished as previously explained, and the results can be assumed to be representative of the bulk material. Thus the two phase model ͑atmosphere sample͒ 31 can be used to analyze the ellipsometry spectra and to determine the dielectric function.
According to the two phase model the optical parameters are related by the following expressions:
where is the complex ratio of the Fresnel reflection coefficients r p and r s , ⌿, and ⌬ are the ellipsometric angles, related to the amplitude and the difference of phase between the components parallel s and perpendicular p to the electric field of the polarized wave. ͑͒ = 1 ͑͒ + i 2 ͑͒ is the complex dielectric function of the sample, and a ϵ n 0 2 is the dielectric function or the square refractive index of the atmosphere, is the incidence angle, n is the complex refractive index, and k is the extinction coefficient. The spectroscopic ellipsometric system measures the angles , ⌿, ⌬ thus allowing us to calculate the optical properties 1 and 2 , or equivalently n and k.
The critical points ͑PCs͒ of the complex dielectric function ͑͒ are analyzed by means of the numerical calculation of the second derivative ͑d 2 1 / d 2 and d 2 2 / d 2 ͒ from the experimental spectrum of the real 1 and imaginary 2 components. The first principal energy E g and the interband transitions for h ӷ E g were determined using a conventional analysis method 29, 30, 32, 33 that allows us to improve the resolution. The method consists of fitting the second derivative to standard analytic functions. These analytic expressions and the corresponding theoretical derivatives are given by
for m 0, and
For m = 0, the dielectric function is
where A is the amplitude, E it is the threshold energy, ␥ is the broadening, and is the excitonic phase angle. These parameters are determined by fitting the numerically obtained second derivative spectra of the experimental dielectric function. According to the value of exponent m in these expressions, the PCs are of the type: 29 one-dimensional ͑1D͒
, and for the case of discrete excitons m = −1.
In order to apply numerically the Eqs. ͑4͒ and ͑6͒ it is necessary to express these in terms of its real and imaginary components as follows:
For m 0
where AЈ =−m͑m −1͒A;
The symmetry and structure of the electronic bands of some ternary semiconductors chalcopyrite ͑I͑Cu͒-III͑Ga, Al, In͒-VI 2 ͒ have been calculated by Jaffe and Zunger. 34 In the simplest approach where only symmetric differences are considered, the electronic structure of I-III-VI 2 chalcopyrites can be derived from that of zinc blende ͑ZB͒. 35, 36 In other works, according to the selection rules, it has been proposed, for a system similar to the one studied here, a scheme of energy levels and interband transitions ͑⌫, N and T͒ deduced from the dielectric function spectrum ͑͒.
25-28
It has been established that in the electronic band structure, transitions ⌫ are at center of the first Brillouin zone ͑ZB͒, within these included the first energy gap E g . Transitions N and T belong to the edges of the zone ͑ZB͒ 34 and therefore in the dielectric function spectrum these transitions are observed at energies higher than E g . For this work in the following it will be assumed that the symmetries and ordering of the transitions of the system Ag 1−x Cu x InSe 2 are in agreement with the above described structure. Table I contains a summary of the experimental values, obtained in the present work, of the refractive index ͑n͒ and extinction coefficient ͑k͒ in the energy interval 0.9-4.6 eV. The refractive indices values of CuInSe 2 are in very good agreement ͑better than 5%͒ with the values reported by Alonso et al. 28 for a single crystal. In the same way our extinction coefficient values agree with the k Ќ values of Alonso et al. Figures 1 and 2 show, respectively, experimental spectra of the imaginary 2 ͑͒ and real 1 ͑͒ components of the complex dielectric function ͑͒. Each spectrum is separated in two regions of energy in order to better observe the structure of these components, the near infrared ͑NIR͒ region 0.9-1.4 eV and the 1.4-4.6 eV region that includes the visible and near ultraviolet ͑NUV͒. These curves show edges and peaks that correspond to critical points ͑CPs͒ of energy transitions of the electronic band structure. [26] [27] [28] [29] [30] [31] [32] [33] In the NIR region the fundamental energy gap E 0 = E g is distinguished for each sample, and in the region ͑1.4-4.6͒ eV appears a second energy threshold E 1 . In addition to the main energy thresholds ͑E g , E 1 ͒, it is also possible to observe other small edges and peaks, with lower intensity and less definition, that correspond to other energy transitions. The precise values of the E g and E 1 energy thresholds and the energies for the transitions ⌫, N, and T have been determined by theoretical fitting of the second derivative with the expressions ͑7͒ and ͑8͒ as explained in Sec. III. Figures 3 and 4 show the experimental spectrum of the second derivative with respect to the photon energy from the experimental components of the dielectric function 
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Albornoz, Serna, and León J. Appl. Phys. 97, 103515 ͑2005͒ tal absorption edge E 0 = E g . This energy is identified in the spectrum of the second numerical derivative by a sharp and intense peak, and is related to an electronic transition of ⌫ type. This threshold E g corresponds to direct transition from the valence band maximum to the conduction band minimum. In the region of 2.5-4.6 eV a second energy threshold E 1 that has been related to a N type transition appears. In the same region but with very low intensity other possible transitions of T type were observed. In the intermediate region ͑1.25-2.40͒ eV appear a series of peaks very close one to each other, which have been attributed to transitions of the ⌫ and N types. The intensity of these peaks is very low, so they are difficult to evaluate in the second derivative spectra due to the high intensity of the transitions with E 0 and E 1 energies. Thus it has been necessary to separate the intermediate scale and to magnify it by a factor of 10 with respect to that of the other regions. with the E g value reported for AIS 9-11,38,37 ͑x =0͒. Following the notation of the energy levels of Table II , Fig. 5 shows a schematic representation of the energy levels and the transitions ⌫, N, and T, that contribute to the measured dielectric function for the semiconductor system Ag 1−x Cu x InSe 2 .
In Fig. 6 the transition energies of Table II ͑⌫ In order to better analyze the behavior of the main energy thresholds, the energies E g = E 0 and E 1 have been plotted as a function of the composition x in Fig. 7 . In both curves are observed two different behaviors. For x ഛ 0.4, the nearest region to the dominion of n-AIS, the E 0 and E 1 energies decrease remarkably with x, according to the expressions ͑E g = −0.33x + 1.228͒ and ͑E 1 = −5.425x
2 + x + 3.214͒. While for to x ജ 0.6, the nearest region to the dominion of p-CIS the energies decrease smoothly according to the polynomials ͑E g = 0. 15 using photoconductivity measurements ͑E g = 0.305x 2 − 0.571x + 1.278͒ for polycrystalline Ag 1−x Cu x InSe 2 alloys, agree well with our results for x Ͼ 0.6, but show significant discrepancies for x Ͻ 0.4. Furthermore, for x = 0 they find for the main energy gap E g = 1.278 eV, which is far from the value determined in this work and also far from the energy gap usually reported of AIS. [9] [10] [11] 38, 37 It is also interesting to note that in the case of thin films, values of the energy gaps have been reported for the composition p-Ag 0.5 Cu 0.5 InSe 2 . The values have been determined using optical absorption and are in good agreement with our results of Table II , for 0.4Ͻ x Ͻ 0.6. The lattice symmetry influences the electronic bands of the ternary chalcopyrite systems I -III-VI 2 , so the deviations of the lattice parameters from its tetragonal ideal values induce the splitting in the upper edges of the valence band. 34 The d levels that the metals I͑Cu, Ag͒ bring to the chalcopyrite structure build the valence bands ⌫, and the proximity of these cations with the anions VI ͑Se͒ also modify the splitting of these bands. In the present work, the tetragonal deviation 25 ,37 − 1 of AIS ͑ ϵ c /2a = 0.959͒ is larger than in CIS ͑ = 1.004͒, and as a consequence this fact produces higher crystalline field ⌬ cr and thus the hybridization of d levels in AIS will be greater than in CIS. This aspect contributes to explaining the different behaviors found in the transition energies from the system Ag 1−x Cu x InSe 2 , whose properties are described according to composition x either in the dominion of n-AIS, or of p-CIS.
V. CONCLUSIONS
The dielectric function has been determined for the whole composition range x of the Ag 1−x Cu x InSe 2 system. The analysis of the dielectric function has allowed us to identify and evaluate the energy of the electronic transitions ⌫, N, T, E 0 , and E 1 . The value of the fundamental energy gap E g in the system changes from 1.225 to 1.009 eV when the material is transformed from n-AIS to p-CIS, by means of the ordered substitution of Ag by Cu in the cation lattice.
The behavior of the transition energies as a function of the composition x shows two clear differentiated regimes: for x ഛ 0.4 and for x ജ 0.6. In the first gap E g for x ഛ 0.4 decays linearly and for x ജ 0.6 the evolution is weaker and can be approximately fitted by a second order polynomial. The origin of these different behaviors has been discussed in terms of the different structural properties of n-AIS and p-CIS materials. The present results offer a valuable set of data over a large range of compositions that can be useful for the design of high efficiency solar cells based in the Ag 1−x Cu x InSe 2 system. 
